The Pacific Northwest National Laboratory (PNNL) has been conducting marine testing of uranium adsorbent materials for the Fuel Resources Program, Department of Energy, Office of Nuclear Energy (DOE-NE) beginning in FY 2012. The marine testing program is being conducted at PNNL's Marine Sciences Laboratory (MSL), located at Sequim Bay, along the coast of Washington. One of the main efforts of the marine testing program is the determination of adsorption capacity and adsorption kinetics for uranium and selected other elements (e.g. vanadium, iron, copper, nickel, and zinc) for adsorbent materials provided primarily by Oak Ridge National Laboratory (ORNL), but also includes other Fuel Resources Program participants. This report summarizes the major marine testing results that have been obtained to date using time series sampling for 42 to 56 days using either flow-through column or recirculating flume exposures. The major results are highlighted in this report and the full data sets are appended as a series of Excel spreadsheet files.
Figures
. Time Series measurements of adsorption capacity for three separate simultaneous deployments in a recirculating flume of the ORNL adsorbent AF1 at 20 °C using filtered Sequim Bay seawater. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. ................ 28 Figure 24 . Time series measurements of adsorption capacity for all seven deployments of the ORNL adsorbent AF1 at 20 °C using filtered Sequim Bay seawater. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. Table 11 . One-site ligand saturation modelling of the experimental data depicted in Figure 5 for the ORNL adsorbent AF1B17-2 exposed to natural seawater in a recirculating flume. ........... 26 
Background
The Fuel Resources Program at the U.S. Department of Energy's (DOE), Office of Nuclear Energy (DOE-NE) is developing adsorbent technology to extract uranium from seawater. This technology is being developed to provide a sustainable and economically viable supply of uranium fuel for nuclear reactors (DOE, 2010) . A major effort for this program is determination of the adsorbent capacity and saturation kinetics of the adsorbent materials developed by program participants for uranium and selected other elements (e.g. vanadium, iron, copper, nickel, and zinc) using natural seawater under realistic conditions. This marine testing program is being conducted at the Pacific Northwest National Laboratories (PNNL), Marine Sciences Laboratory (MSL) in Sequim, Washington using ambient seawater from Sequim Bay.
Marine testing began at MSL in 2012 and has continued through 2016 as this report is being prepared. Additional testing is scheduled for FY 2017. Details on the marine testing program and a summary of the testing results to date have been reported in the peer-reviewed literature Park et al., 2016) . This report describes the marine testing of amidoxime-based adsorbent materials conducted at PNNL's Marine Sciences Laboratory in Sequim, WA. Additional marine testing was also conducted at the University of Miami's Broad Key Island (BKI) research station using ambient seawater from the coast of Florida. The BKI marine testing is covered in a separate milestone report and will not be discussed here.
Objective
This report summarizes the time series measurements of adsorption capacity and adsorption kinetics of amidoxime-based adsorbents for uranium and a suite of other elements determined in natural ambient seawater at the Marine Sciences Laboratory in Sequim, WA.
Experimental Approach

Ambient Seawater Exposure Systems at PNNL
Marine testing was conducted at the MSL, a coastal based marine laboratory within PNNL, using ambient seawater from Sequim Bay, WA. The MSL has a seawater delivery system that can provide ambient seawater into a "wet laboratory" for scientific investigations. Ambient seawater is drawn by pump from a depth of ~10 m from Sequim Bay through a plastic pipe. Raw seawater is pumped directly into the laboratory for use. Filtered seawater is obtained by first passing raw seawater through an Arkal Spin Klin™ filter system (nominal pore size 40 µm) to remove large particles. The partially filtered seawater is then stored in a large volume (~ 3,500 gal) reservoir tank outside the laboratory. This seawater is gravity fed into the laboratory research facilities through PVC piping where it can be passed through additional filtration to remove finer particles if needed at the point of use. Three types of exposure systems were employed in this program: (1) flow-through cartridge filters and (2) flow-through columns for testing of loose fibers and other loose materials; and (3) a recirculating water flume for testing of braided adsorbent material. Additional details about the seawater exposure system at PNNL are given in .
Exposures With Flow-through Cartridge Filters
Initial marine testing at PNNL's Marine Sciences Laboratory was conducted by Costas Tsouris of Oak Ridge National Laboratory (ORNL) using all Teflon flow-through filter cartridges that were packed with adsorbent ( Figure 1 ). The cartridges were prepared at ORNL, shipped to MSL, the exposure was conducted, and the cartridges were returned to ORNL for analysis. Seawater was delivered to the cartridges and the flow-rate was controlled using an inline peristaltic pump with a Teflon pump head. Cartridges for a time series were placed in series as shown in Figure 1 . The results from this initial testing were reported in Kim et al., (2014) . 
Flow-through Column Exposure System
Figure 2 shows a diagram of the seawater delivery and manifold system used to expose adsorbent materials to 0.45 µm filtered ambient seawater in flow-through columns. Figure 3 is a picture of the manifold with flow-through columns attached. Seawater from a large outside storage reservoir is fed sequentially through 5 µm and then 1 µm cellulose filters and then collected in a 180 L fiberglass reservoir tank referred to as a "head tank." Seawater in the head tank is heated to the desired temperature using a 10 kW all titanium immersion heater. Temperature-controlled (20 ± 1.5 °C) seawater is drawn from the head tank with a pump (non-metallic pump head), passed through a 0.35 to 0.45 µm polyethersulfone (Memtrex MP, GE Power and Water) or cellulose membrane cartridge filter and into the 24-port PVC manifold. Seawater continually recirculates through the manifold and is returned to the head tank if it does not get used for flow-through column exposure. Pressure (2-6 psi) in the manifold is controlled with a gate valve at the outlet of the manifold.
MSL has four separate 24-port manifolds, linked to three separate head tanks, permitting testing of 96 adsorbent materials in flow-through columns simultaneously. The flow-rate of seawater passing through the columns is grossly controlled by varying the seawater delivery pressure in the manifold and then fine scale flow adjustments using a needle valve placed on the outlet of each flow-through column. A turbine flow sensor (DFS-2W, Clark Solutions) is attached to the outlet tubing to monitor and record the flow through each column. The signals from the sensors are captured by a homemade instrument package operated with National Instruments LabView software, which displays in real time the flow-rate of each column on the manifold and records integrated flow-rate measurements in increments ranging from a few seconds to several hours.
The temperature of the seawater flowing through the exposure system was monitored and recorded at the outlet of columns using an Omega model RDXL4SD handheld meter equipped with a long lead and non-metallic temperature probe. The temperature was recorded every 5-10 minutes by attaching the meter to a laptop computer using data recording and storage software provided with the instrument. The PNNL flow-through columns are constructed from all plastic components using commercially available materials. An example of a nominal 1-inch (2.28 cm actual) diameter column is shown in Figure 4 . The column consists of a clear PVC tubing (Harvel Clear™ Rigid PVC Pipe) with threaded ends. Threaded PVC pipe fittings are used as end caps. Porous polyethylene sheets (Bel-Art Fritware®) with pore diameter of ~ 110 µm are used to construct frits. The frits are fitted inside the end caps and serve to contain the column contents. O-rings are placed on both sides of the frit and seal the end cap to the end of the column. Five mm diameter glass beads were used as column packing material to contain the adsorbent material. 
Recirculating Flume Exposures
The Pacific Northwest National Laboratory has developed flow-through channels for conducting flume experiments under controlled temperature and flow-rate conditions. Different size pumps and flume dimensions are used to create a range in flow-rate (linear velocity). The flumes were constructed with different dimensions and recirculating pump sizes for conducting exposure tests with braided adsorbent material under controlled temperature and flow-rate (linear velocity) conditions. The target linear velocity around which the flows were varied was 2 cm/sec, which is approximately the linear velocity being used for testing with flow-through columns at PNNL. The flumes were constructed of darkened acrylic material to limit biological growth. Shown in Figure 5 is a cross sectional view of the flume design illustrating the recirculation system and seawater inlet. A picture of the two flumes is shown in Figure 6 . Fresh seawater is fed into the flume at flow-rates up to 5 L/min using the seawater manifold delivery system depicted in Figure 2 . A tubing line was run from one or more of the manifold ports directly into the flume to achieve the desired seawater delivery rates. The rate of fresh seawater delivery was controlled using a needle valve mounted on one or more ports in the manifold. The height of water in the flume is controlled by the height of the stand pipe, which can be varied between approximately 7 and 11 inches (18-28 cm). Water within the flume rises until it reaches the height of the standpipe and then spills out of the flume through the standpipe. Raising or lowering the water height changes the cross sectional area of the water in the flume, which in turn is a means to control the linear velocity in the flume.
Braided adsorbents were placed into the flumes for exposure by attaching them to a short length of ¼ inch polyethylene tubing with cable ties and inserting one end of the tubing into a small block mounted on the bottom of the flume into which a ¼ inch hole has been drilled ( Figure 7 ). Figure 5 . Side view depiction of the recirculating flume system used for exposing braided adsorbent material to filtered or unfiltered natural seawater under controlled temperature and flow-rate (linear velocity) conditions. Six braided adsorbent materials are depicted within the flume. An external pump is used to recirculate seawater in the flume. The linear velocity in the flume is controlled by a gate valve on exit of the pump. Fresh seawater is fed into the flume using the seawater delivery system depicted in Figure 2 . Seawater rises in the flume to the height of the overflow tube and then spills out at the same rate as it is introduced from the head tank. The rate at which fresh seawater is fed into the system and the internal volume of the flume controls the residence time of seawater in the system. For example, with the 6 ft. flume, the water residence time is ~20 minutes. The time to recirculate water is much faster. At a recirculation flow rate of 87 L/min, the water in the flume is recirculated once every 24 seconds.
Water Quality, Temperature and Flow-rate Monitoring
Salinity and pH measurements of the seawater exposure system were obtained using handheld probes several times a week during the exposure periods. Salinity was monitored using a YSI model Pro30 and pH measurements were made using a portable pH meter (VWR Scientific) equipped with a temperature compensating glass electrode that was calibrated with National Institute of Standards and Technology (NIST) traceable buffers. The pH and salinity probes were calibrated weekly. High frequency (every 10 minutes) measurements of temperature in the seawater exposure systems were obtained with a thermocouple interfaced to an Omega 4 channel meter and data logger (model HH1384). For the final experiment in 2016 (experiment 4), monitoring of both the seawater exposure systems and the ambient seawater was conducted with in situ YSI probes (model XLM-S in ambient seawater and a retrofitted 600 QS on the flume system) that were equipped with temperature, pH and conductivity (salinity) probes. Both units had stand-alone data logging capability and data were recorded on an hourly basis during the exposure period to assess how conditions in the exposure system compared with ambient seawater.
Flow-rate in the flow-through columns was monitored using an in-line turbine-style flow sensor (Model DFS-2W, Digiflow Systems) placed at the outlet of the flow-through columns. Flow-rate in the flumes was monitored using an in-line flow-meter on the recirculation line. The flow-rate in the flume was adjusted by constricting the output from the recirculation pump using a gate valve. The flow-rate was adjusted for both the columns and flume exposures to yield a linear velocity of 2 cm/sec, consistent with the flows used for seawater exposures at PNNL .
Analytical Methods
Determination of Uranium and Trace Elements on Adsorbent Materials
Analysis of uranium and other elements retained on the adsorbents was conducted at PNNL. Adsorbent materials exposed to seawater were washed with deionized water to remove salts, using a conductivity meter to monitor the salt removal. Samples were then dried at 80°C to a constant weight using a heated block (ModBlock™, CPI International). The dried fibers (50 to 100 mg) were weighed and then digested with 15 mL of a high-purity (Trace Metal Grade, Fisher Scientific) 50% aqua regia acid mixture (3:1; hydrochloric acid: nitric acid) for 3 hours at 85°C on a hot block. Analysis of uranium and other trace elements was conducted following dilution of the digestate with 20 mL of de-ionized water using either a Perkin-Elmer 7300 DV inductively coupled plasma optical emission spectrometer (ICP-OES) or a Thermo Scientific ICap™ Q inductively coupled plasma mass spectrometer (ICP-MS). Quantification with both instruments is based on standard calibration curves.
Analysis of uranium and trace elements on the mini-braid deployments which had biofouling were processed using a variation of the procedure used for braided adsorbents without biofouling. The mini braids were rinsed in deionized water and were then digested without trying to remove the biofouling. After the digestion, the fibers were rinsed to remove acid and were dried and weighed. This weight was then corrected for loss of the amidoxime and co-monomer functional groups mass due to the strong acid digestion. A correction term was determined using a separate set of new fibers (of the formulation deployed) which were conditioned, but were not exposed to seawater, were carried through the digestion process, dried and weighed, and they were then compared to their initial dry weight before the conditioning step. Confirmation of digestion induced weight loss was verified by post-weights of exposed braid snips of the same formulation.
Determination of Uranium and Other Elements in Seawater
Determination of uranium and other elements in natural seawater samples was conducted at PNNL's Marine Sciences Laboratory using ICP-MS and either the method of standard addition calibrations or the samples were pre-concentrated onto a chelating ion exchange resin to minimize the seawater matrix, followed by acid elution with quantification against a standard calibration curve prepared using on-line pre-concentration . On-line preconcentration of uranium was conducted using the seaFAST S2™ automated sample introduction system (Elemental Scientific) utilizing a seaFAST PFA chelation column packed with iminodiacetic acid chelating ion exchange resin (ESI, Seawater Concentrator Column CF-N-0200). Analytes were eluted off the column using 10% HNO3 and detected using a Thermo Elemental ICapQ ICP-MS.
One-Site Ligand Saturation Modeling
Measurements of the adsorption of uranium and other elements from seawater as a function of time onto the adsorbent materials were used to determine the adsorbent capacity and adsorption rate (kinetics) of uranium and other elements. Determination of adsorption capacity and kinetics was conducted using one-site ligand saturation modeling, which was parameterized using the software graphics program SigmaPlot©. The best-fit line representing the time series adsorption of uranium is given by:
Where u is uranium capacity (g U/kg adsorbent), t is exposure time (days), βmax is the adsorption capacity at saturation (g U/kg adsorbent), and Kd is the half-saturation time (days).
Prior to determination of adsorption capacity and kinetics, the individual capacity determinations were normalized to a salinity of 35 psu using simple proportional relationships. This normalization removes the differences that result from exposures in seawater with varying salinity and hence uranium concentrations. This salinity normalization is also done for the other elements as well, but the normalization is less well defined for non-conservative elements in seawater.
Results
A compilation of all of the uranium and elemental data obtained from the time series measurements of amidoxime-based adsorbent materials presented in this report is provided in a series of Excel spreadsheet files that accompanies this report. All data have been normalized to a salinity of 35 to allow for direct comparison of uranium concentrations at a common salinity. Unless otherwise specified, the temperature of the experiment was conducted at 20 °C, the flowrate (linear velocity) of the seawater through the column or flume was between 2 and 2.5 cm/s. For the flow-through columns, this corresponded to a flow-rate > 250 mL/minute using a 1 inch internal diameter column. The first amidoxime-based adsorbent that was tested at PNNL was the ORNL formulation 38H. Preparation of and laboratory testing of this adsorbent has been reported by and Oyala et al., 2016 . A total of 5 time series experiments were conducted in FY 2012. Four of the experiments were conducted by Dr. Costas Tsouris of Oak Ridge National Laboratory using flow-through column exposures and an independent experiment was conducted by PNNL staff using a flow-through column exposure. The results for the first experiment (ORNL1) are not considered reliable due to problems with maintaining a consistent flow-rate during the experiment. Shown in Figure 8 are the time series data for four of the experiments. The ORNL 2 experiment was conducted using the ORNL cartridges and peristaltic pump system, while the ORNL 3 and PNNL1 experiments were conducted using the PNNL manifold system for seawater exposure. It is important to note that the ORNL experiment 2 was conducted at a temperature of 31.4 °C, while the ORNL 3 and PNNL1 experiments were conducted at 20 °C. At the time these experiments were conducted, the significant impact of temperature on the uranium adsorption capacity of amidoxime-based adsorbents was not known. One-site ligand saturation (OSLS) modelling of the four experiments is given in Table 1 . All data were normalized to a salinity of 35. 
ORNL AF Series Adsorbents
The ORNL AF series of adsorbents are amidoxime-based polymer adsorbents that were synthesized by radiation-induced graft polymerization (RIGP) of acrylonitrile and itaconic acid onto high surface area hollow gear polyethylene fibers. The different AF versions have different degrees of grafting and different monomer/co-monomer mol ratios. In addition, different ratios of solvents (water, methanol, and dimethylsulfoxide) were used for the conversion of the grafted nitrile groups to amidoxime with hydroxylamine. Details of the preparation of the adsorbents are given in .
ORNL AF1 Adsorbent
There were a total of five separate experiments where time series data were obtained with the ORNL AF1 adsorbent formulation using flow-through column exposures with filtered (0.45 µm) Sequim Bay seawater at 20 °C (Figure 9 ). One-site ligand saturation modelling combining all the five individual experiments is given in Table 2 . The series of experiments in the MSL 3493 series were conducted with both 1 hour and 3 hours of KOH conditioning time. This experiment revealed that 1 hour of conditioning time resulted in higher adsorption capacities. Therefore, only the one hour conditioning time results are used for this compilation. Figure 9 . Time Series measurements of adsorption capacity for five separate experiments with the ORNL adsorbent AF1 at 20 °C using filtered Sequim Bay seawater and flow-through column exposure. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. 
ORNL AF1FR2 Adsorbent
Illustrated in Figure 10 are time series measurements for uranium and selected trace elements for the ORNL AF series adsorbent AF1FR2. One-site ligand saturation modelling of the time series data are given in Table 3 . Figure 10 . Time Series measurements of adsorption capacity for the ORNL adsorbent AF1FR2 at 20 °C using filtered Sequim Bay seawater and a flow-through column exposure. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. 
ORNL AI Series Adsorbents
The ORNL AI series adsorbents were prepared by RIGP of acrylonitrile and vinylphosphonic acid onto high surface area polyethylene fibers. The various formulations had different degrees of grafting and varying mole ratios of monomer and co-monomer. Details of the preparation of the AI series of adsorbents are described in formulations used to study the effects of temperature on adsorption capacity, which was detailed in a previous milestone report . The results obtained for the 20 °C experiment are given in Figure 11 and one-site ligand saturation modelling of the time series results are given in Table 4 . Figure 11 . Time Series measurements of adsorption capacity for the ORNL adsorbent AI8 at 20 °C using filtered Sequim Bay seawater and a flow-through column exposure. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. 
New Formulations of Amidoxime-based Adsorbents from ORNL
ORNL has been developing new amidoxime-based adsorbents that are produced by RIGP with high density polyethylene fiber, but use new monomers and/or new co-monomers as well as variations in RIGP beam, intensity and amidoximation solvents. Marine testing has been conducted with the three formulations described below
ORNL AN/MA/42kGY-a1
The ORNL adsorbent AN/MA/42kGY-a1 was prepared by RIGP with acrylonitrile and methyl acrylate, with amidoximation in DMSO. The e-beam radiation intensity used for the RIGP was 42 kGY, instead of the normal 200 kGY. Time series adsorption capacities for this material are given in Figure 12 and one-site ligand saturation modelling of uranium and selected trace elements are given in Table 5 . Figure 12 . Time Series measurements of adsorption capacity for the ORNL adsorbent AN/MA/42kGY-a1 at 20 °C using filtered Sequim Bay seawater and a flow-through column exposure. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. The ORNL adsorbent MAN1-AO/DMSO is a variant of the AF series adsorbents. It was prepared by RIGP with methacrylonitrile and itaconic acid using the same mole ratio of both monomers as was used with the AF1 adsorbent. The amidoximation was conducted in DMSO. Time series adsorption capacities for Uranium and selected trace elements using this adsorption material are given in Figure 13 and one-site ligand saturation modelling of uranium and selected trace elements are given in Table 6 . Figure 13 . Time Series measurements of adsorption capacity for the ORNL adsorbent MAN1-AO/DMSO at 20 °C using filtered Sequim Bay seawater and a flow-through column exposure. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. The ORNL adsorbent MAN8-AO/DMSO was prepared by RIGP with methacrylonitrile and itaconic acid using the same mole ratio of both monomers as was used with the AF8 adsorbent. selected trace elements using this adsorption material are given in Figure 14 and one-site ligand saturation modelling of uranium and selected trace elements are given in Table 7 . Figure 14 . Time Series measurements of adsorption capacity for the ORNL adsorbent MAN8-AO/DMSO at 20 °C using filtered Sequim Bay seawater and a flow-through column exposure. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. 
LCW Adsorbents
Dr. Chien Wai, owner of the company LCW Supercritical Technologies, and also a retired faculty from the University of Idaho, in collaboration with Dr. Horng-bin Pan of the University of Idaho are developing amidoxime-based adsorbent materials using polyacrylonitrile (PAN) fibers. These adsorbent materials will hereafter be referred to collectively as LCW adsorbents. An invention disclosure has been submitted to the U. S. Patent and Trademark Office (application number 15/179,766, Filing date: June 10, 2016). The LCW adsorbents contain the amidoxime functional group and the co-monomer carboxylic acid.
LCW-2 Adsorbent
Time series measurements of adsorption capacity for uranium and selected trace elements (V, Fe, Zn, Ni, and Cu) with the LCW adsorbent LCW-2 at 20 °C using a flow-through column exposure with filtered Sequim Bay seawater is given in Figure 15 . One-site Ligand saturation modeling of the time series data is given in Table 8 . This adsorbent material was developed using a commercially available knitting yarn that contained the PAN fiber called Orlon™. Note that the V/U mass ratio for this adsorbent is low compared to the ORNL adsorbents. Figure 15 . Time series measurements of adsorption capacity for uranium and selected trace elements with the LCW adsorbent LCW-2 at 20 °C using a flow-through column exposure with filtered Sequim Bay seawater. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35.
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LCW-MSL-10 Adsorbent
The next major advancement in the LCW series resulted from optimizing the ratio of the monomer and co-monomer. Additional optimization was achieved by varying the time, temperature, and reagent concentration of the amidoximation reaction. Time series measurements of adsorption capacity for uranium and selected trace elements (V, Fe, Zn, Ni, and Cu) with the LCW adsorbent LCW-MSL-10 at 20 °C using a flow-through column exposure with filtered Sequim Bay seawater is given in Figure 16 . One-site Ligand saturation modeling of the time series data is given in Table 9 . Figure 16 . Time series measurements of adsorption capacity for uranium and selected trace elements with the LCW adsorbent LCW-MSL-10 at 20 °C using a flow-through column exposure with filtered Sequim Bay seawater. The best fit lines drawn through the data points were determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. 
University of Tennessee/ORNL SB Series Adsorbents
Suree Brown of the University of Tennessee (UT), in collaboration with scientists at ORNL prepared uranium adsorption materials using atom-transfer radical polymerization (ATRP) on a variety of polymers including polypropylene, polyethylene and poly(vinyl chloride)-cochlorinated poly(vinyl chloride) (PVC-co-CPVC) fiber (Brown et al 2016a (Brown et al , 2016b adsorbents that show the most promise that have undergone time series flow-through column testing to date are SB11-295 and SB12-8. Time series plots of adsorption capacity are shown in Figures 17 and 18 for the adsorbents SB11-295 and SB12-8, respectively. A direct comparison of the time series adsorption capacity measurements for the two adsorbents is given in Figure 19 . One-site ligand saturation modelling of the time series data is given in Table 10 . Figure 17 . Time Series measurements of adsorption capacity for the UT/ORNL adsorbent SB11-295 at 20 °C using filtered Sequim Bay seawater and a flow-through column exposure. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35.
UT/ORNL Adsorbent SB11-295 Figure 18 . Time Series measurements of adsorption capacity for the UT/ORNL adsorbent SB12-8 at 20 °C using filtered Sequim Bay seawater and a flow-through column exposure. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35.
UT/ORNL Adsorbent SB12-8 Figure 19 . Comparison of time series measurements of adsorption capacity for the UT/ORNL adsorbents SB11-295 and SB12-8 at 20 °C using filtered Sequim Bay seawater and a flow-through column exposure. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. Table 10 . One-Site ligand saturation modelling of two adsorbent materials prepared by atomtransfer radical polymerization using flow-through column exposures 
Recirculating Flume Exposures
Effect of Flow-rate on Adsorption Capacity
Prior to presenting and discussing the results obtained using recirculating flume exposures, it is important to acknowledge that a study conducted in 2015 and reported in FY 2016 on the effect of flow-rate on adsorption capacity revealed that adsorption capacity was highly dependent on flow-rate (Gill et al., 2015) . The 56-day adsorption capacity with the ORNL AF1 adsorbent varied from a low of 2.02 ± 1.08 g U/kg adsorbent at a liner velocity of 0.48 cm/sec, to a high of 4.31 ± 0.39 g U/kg adsorbent at a liner velocity of 5.52 cm/s, more than a two-fold difference.
For the results reported here, the linear velocity was maintained between 2 and 2.5 cm/sec. This velocity was chosen to be consistent with the testing done in flow-through columns. While this flow-rate does not yield maximal adsorption capacities, it was nonetheless consistent between all the flume studies, allowing for direct comparison between individual flume tests and also comparison with the flow-through column studies.
Initial Procedural Development Tests with the ORNL AF1B17-2 Adsorbent
The first use of a recirculating flume for a time series natural seawater exposure experiment was conducted using the ORNL adsorbent AF1B17-2. A total of four braids were deployed simultaneously in a single flume and time series measurements were collected over a 42-day exposure period. The braids deployed had different weaving characteristics (picks per inch, ppi) and also different potassium hydroxide (KOH) conditioning times to examine the effect of these parameters on adsorption performance. Two of the braids were woven with a ppi of 5 (5ppi) and two were woven with a ppi of 25 (25ppi). In addition, two of the braids were conditioned with a 2.5 weight percent KOH solution at 60 °C for one hour and two were KOH conditioned at 80 °C for one hour. The exposure was conducted with a recirculation rate in the flume of 15 gallons per minute (linear velocity estimated at ~2 cm/s) and a fresh seawater inflow of 3 L/minute. The time series adsorption capacity measurements for these exposures are illustrated in Figure 20 and the one-site ligand saturation modelling results are given in Table 11 . Measurements of uranium in the feed seawater and the flume conducted during the exposure are illustrated in Figure 21 . Table 11 . One-site ligand saturation modelling of the experimental data depicted in Figure 5 for the ORNL adsorbent AF1B17-2 exposed to natural seawater in a recirculating flume. These initial tests to develop the procedures for exposure using a recirculating flume revealed several important operational features. First, the rate at which fresh seawater needs to be introduced into the flume is critical, and is dependent on the mass of braid being exposed. The current experiment indicated that 3 L/minute was insufficient to maintain the level of uranium within the flume at the same concentration in the feed water, for a total mass of braid of 32 g ( Figure 6 ). Hence, the adsorption capacities for this experiment are likely lower than would be anticipated, but there is no way to determine how much of an impact this would have. Second, based on the adsorption capacities in Table 11 , there was no evidence that the conditioning temperature (60 vs 80 °C) effected the adsorption capacity. And third, based on the adsorption Table 11 , there is some evidence to suggest that the 25 ppi braid had a lower adsorption capacity than the braid that was woven at 5 ppi.
AF1 Braid
Replicate AF1 Braid Exposure Tests
A total of seven time series experiments were conducted using the braided ORNL adsorbent AF1 with exposure using a recirculating flume. The exposures were conducted in two separate batches during different time periods. Illustrated in Figure 22 are four separate exposures that correspond to the flow-through column exposures described previously. The fibers used for the flow-through column exposures were taken off of the adsorbents used in these flume exposures, allowing for a direct comparison for these adsorbents in both flow-through column and flume exposures. The results for three AF1L2R3 braids that were all prepared in a common batch are shown in Figure 23 . The results of these 7 experiments are combined together for comparison in Figure 24 . One-site ligand saturation modelling for all 7 exposures is given in Table 12 . Figure 22 . Time Series measurements of adsorption capacity for four separate simultaneous deployments in a recirculating flume of the ORNL adsorbent AF1 at 20 °C using filtered Sequim Bay seawater. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35.
ORNL AF1 Adsorbent
Exposure Time (days) . Time Series measurements of adsorption capacity for three separate simultaneous deployments in a recirculating flume of the ORNL adsorbent AF1 at 20 °C using filtered Sequim Bay seawater. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. Figure 24 . Time series measurements of adsorption capacity for all seven deployments of the ORNL adsorbent AF1 at 20 °C using filtered Sequim Bay seawater. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. 
ORNL AI8 Time Series Flume Testing
The ORNL adsorbent AI8 was one of the formulations that were investigated in the potassium bicarbonate re-usability study. Illustrated in Figure 25 below is the time series data for the initial exposure of the braid in the flume. One site ligand saturation modelling of the AI8 time series data is given in Table 13 . The exposure was only carried out for 42 days, so the 56-day capacity predictions by one-site ligand saturation capacity are not as precise as the other exposures reported herein which were conducted for 56 days. Figure 25 . Time series measurements of adsorption capacity for the ORNL adsorbent A18 at 20 °C using filtered Sequim Bay seawater. The best fit line drawn through the data points was determined using onesite ligand saturation modelling. All data were normalized to a salinity of 35. 
ORNL AF8 Time Series Flume Testing
The ORNL adsorbent AF8 was one of the formulations that were investigated in the potassium bicarbonate re-usability study . Illustrated in Figure 26 below Figure 26 . Time series measurements of adsorption capacity for the ORNL adsorbent AF8 at 20 °C using filtered Sequim Bay seawater. The best fit line drawn through the data points was determined using onesite ligand saturation modelling. All data were normalized to a salinity of 35. Figure 27 . Time series measurements of adsorption capacity for the ORNL adsorbent AF1-13-AO/DMSO at 20 °C using filtered Sequim Bay seawater. The best fit line drawn through the data points was determined using one-site ligand saturation modelling. All data were normalized to a salinity of 35. Tables 16 and 17 below is a summary of the adsorption capacities and halfsaturation times obtained for the flow-through column and recirculating flume exposures, respectively. There is nearly a doubling in adsorption capacity over the approximately 4 years of testing that this report covers (2012) (2013) (2014) (2015) (2016) , from the 38H adsorbent with a 56-day capacity of 3.30 g U/kg adsorbent to the more recent SB12-8 adsorbent with a capacity of 6.56 g U/kg adsorbent. In addition, the new LCW adsorbent has a half-saturation time that is considerably shorter than all of the previous adsorbents tested. This is a fairly remarkable achievement in such a short period of time.
Because multiple exposures were conducted with the AF series adsorbents in both flowthrough column and recirculating flume testing it provides a means to assess the performance of the exposure methods. There was excellent agreement between the 56-day adsorption capacity determined for the AF1 adsorbent with the recirculating flume exposure (4.03 ± 0.12 g U/kg adsorbent) and the flow-through column testing (3.91 ± 0.11 g U/kg adsorbent). The excellent agreement between the two exposure methods provides confidence that the exposure methods are producing reliable and accurate information. Moreover, it also suggests that the production of the adsorbent materials is highly reproducible, lending additional confidence of the robustness and homogeneity of the production technology. 
Vanadium to Uranium Mass Ratio
Vanadium is the element in highest mass abundance bound by the amidoxime ligand if one assumes that calcium and magnesium are primarily associated with the monomer on the adsorbent. Hence, changes in the relative binding of vanadium can be inferred to also affect the selectivity for the other elements. Based on this argument, the vanadium to uranium mass ratio can be used as a proxy measure of the selectivity of the ligands on the adsorbent for the adsorption of uranium. Increasing adsorbent selectivity is currently viewed as an optimization factor to improve adsorbent capacity and the V/U ratio is being used as a measure of adsorbent selectivity. Table 18 below is the vanadium to uranium mass ratio (V/U) for the amidoximebased adsorbents that were evaluated using flow-through column testing at PNNL. The amidoxime-based adsorbents in the AF series which were prepared by RIGP from acrylonitrile and itaconic acid on high surface area polyethylene fiber all had a fairly narrow V/U ratio, ranging between 3.6 and 4.2. The 38H adsorbent, also prepared by RIGP from acrylonitrile, but with a monocarboxylic monomer, had a lower V/U ratio of 2.2. The newest variations of the AF series adsorbents (MAN1-AO/DMSO and MAN8-AO/DMSO) also had similar V/U ratios, 4.2 ± 0.4 and 3.6 ± 0.3, respectively, to the AF series adsorbents. The exception to this trend is the ORNL adsorbent AN/MA/42kGY-a1, which had a considerably lower V/U ratio of 1.9, a much lower value then the other AF series adsorbents. The UT/ORNL amidoxime-based adsorbent SB12-8, which was prepared by ATRP, had a V/U ratio of 2.2, suggesting an improved selectivity over the ORNL AF series adsorbents. The amidoxime-based adsorbent with the lowest V/U ratio is the LCW adsorbent LCW-MSL-10, with a V/U ratio of 1.2. This adsorbent was not prepared by RIGP, but rather conversion of the naturally present nitrile groups on the acrylic fiber by chemical conversion. Table 18 . Vanadium to uranium mass ratio for several amidoxime-based adsorbents that were exposed to natural seawater in the flow-through column testing at PNNL. 1 The V/U mass ratio is based on replicate determinations of the 56-day exposure time point. Where more than two determinations were made the mean and standard deviation is reported.
Given in
Summary and Conclusions
Repeated time series measurements of a common formulation of amidoxime-based adsorbent, the ORNL AF series, by both flow-through column and recirculating flume exposures produced 56-day adsorption capacities that agreed very well. This excellent agreement generates confidence that the testing procedures are accurate and reliable and moreover, that the technology to produce the adsorbents is highly reproducible.
